Introduction
Small size at birth is associated with a range of adverse health outcomes, 1 including poor cognitive development, 2 an effect that is largely unconfounded by features of the family environment, such as socioeconomic status and birth order. Although most cognitive studies focus on clinically low birthweight groups, confirmation of this association across the full birthweight range in the normal population is of particular interest, since this would imply that explanatory factors are similarly distributed in the general population. One early such population based study found that verbal reasoning scores at age 11 increased with increasing birth weight. 3 This association was also detected in early adulthood, 4 although not in later life. 5 We examined the association between birth weight and cognitive function in the normal population using data from the British 1946 birth cohort. A particular advantage of this cohort is the use of repeated cognitive assessments throughout life, beginning at age 8 years and extending to age 43, thus allowing the investigation of relative change in cognitive function according to birth weight. To investigate an outcome with specific functional consequences, we also examined the association between birth weight and educational attainment.
Methods
The 1946 birth cohort Participants were drawn from the Medical Research Council's national survey of health and development, a birth cohort study stratified by social class and initially consisting of 5362 people selected from all births that occurred in England, Scotland, and Wales during one week in March 1946. 6 Information about sociodemographic factors and medical, cognitive, and psychological function has been obtained at intervals by interview and examination-most recently in 1989 at age 43, when the sample size was 3262; the sample is regarded as representative of the UK population born legitimately and singly in the years immediately after the second world war.
at age 11 on verbal and non-verbal intelligence, arithmetic, word pronunciation, and vocabulary; and at age 15 on verbal and non-verbal intelligence (the AH4 test), reading comprehension, and mathematics. As adults they were tested at age 26 on reading comprehension and at age 43 on verbal memory (word list learning), timed letter search (speed and accuracy). 10 All scores for participants with a valid score for each test were standardised to give a mean of 0 and a standard deviation of 1. Global scores representing overall cognitive function at ages 8, 11, 15, and 26 were obtained by setting the standard deviation of the distribution of the sum of these scores to one. Test scores at age 43 were kept separate. The highest educational or training qualification achieved by age 26 was classified either as ordinary secondary qualifications (O levels and their training equivalents) or less, or as advanced secondary education (A levels and their equivalents) or degree level or equivalent.
Statistical methods
Birth weight was split into five categories ( < 2.51 kg, 2.51-3.00 kg, 3.01-3.50 kg, 3.51-4.00 kg, and 4.01-5.00 kg). The association between birth weight and cognitive function at age 8 was investigated with regression models, with adjustment for sex, father's social class, mother's education, birth order, and mother's age. The relation between birthweight category and cognitive score was tested for linearity. To test whether change in cognitive function differed across the birthweight categories, each cognitive score (from age 11 to age 43) in this adjusted model was further adjusted for the score at the previous age (conditional model for change). All tests of association between birth weight and cognitive function were also carried out on the groups with normal birth weight (that is, > 2.51 kg) to check that any statistically significant effect was not driven by the lowest birthweight category.
The effect of birth weight on education was assessed by logistic regression, with adjustment for the same confounders as for the cognitive function models.
Results

Missing data
Seven hundred and sixty two cohort members had not undergone cognitive testing at any age; 21 of these had missing information on birth weight. Of the 4600 cohort members with at least one recorded cognitive test score, 3900 (85%) had complete information on birth weight and confounders and could therefore be included in the analyses. Those with missing information had lower mean cognitive scores at ages 8 (P = 0.09), 11 (P = 0.02), 15 (P = 0.05), and 26 (P = 0.1), but not at age 43 (P > 0.1 for all tests), compared with others. Among the 3900 included in at least one model, those with a missing cognitive score at any age were more likely to have a missing score at subsequent ages. Furthermore, a lower test score at one age was associated with a greater likelihood of a missing score at the following age.
Birth weight and cognitive function
Regression coefficients for the effect of birth weight grouped into five categories on cognitive scores indicated increasing mean cognitive function with increasing birth weight for the first four birthweight categories, followed by a decrease in cognitive score at the highest birthweight category at ages 8, 11, 15, and 26 (table 1) . At ages 8, 11, and 15 the significant association was still apparent across the four normal birthweight categories (P < 0.01 in all cases), but the association with cognitive function at age 26 was due largely to the difference in mean score between those of low birth weight and those of normal birth weight (table 1) . At age 43, birth weight had no significant effect on any of the test scores (table 1) .
Adjustment for sex, father's social class, mother's education, birth order, and mother's age strengthened the association between birth weight and cognitive function and made the effect consistent with a linear trend for test scores at ages 8 to 26 (table 2). These trends remained significant (P < 0.001) when analyses were restricted to the four normal birthweight categories. At age 43 the evidence of a gradient was weak (table 3 ). An effect was seen for both verbal memory and search accuracy, but this was due partly to those with low birth weight having lower mean scores than those with normal birth weight. Adjustment for birth order in these models had the effect of increasing the coefficient of those with the highest birth weight, as birth order was related positively to birth weight but negatively to cognitive function. A positive linear association (P < 0.001) existed between birthweight category and cognitive score at age 8, with an estimated standard deviation score of 0.44 (95% confidence interval 0.28 to 0.59) between the lowest and highest birthweight groups (table 2) . Results of the conditional regression models showed that change in cognitive ability between every pair of ages was not substantially different between birthweight groups after adjustment for the cognitive test score for the previous age (tables 2 and 3). Thus the effect of birth weight on test scores at ages 11, 15, and 26 was accounted for largely by its effect earlier in life.
Birth weight and educational attainment
Logistic regression showed a significant effect of birth weight on education, with increasing birth weight being associated with higher educational attainment (odds ratio for an increase in birthweight category = 1.12; 95% confidence interval 1.04 to 1.20). As with the cognitive tests, this effect became stronger on addition of the family and social background confounders (1.16; 1.07 to 1.26) and was also observed across the normal birthweight range. The effect was substantially attenuated after the cognitive score at age 8 was added to the model.
Discussion
In a large UK birth cohort, we found that that birth weight was associated with cognitive ability through childhood and early adulthood in the normal population, although the effect was less marked in midlife. Birth weight was significantly associated with cognitive function at age 8 years, with cognitive scores increasing across the four lowest birthweight categories, then declining at the highest birthweight category. Adjustment for sex, father's social class, mother's education, mother's age, and birth order strengthened this overall association, and the trend became more linear through raising the coefficient for the highest birthweight category. These results are broadly compatible with those of Record et al 3 and support their suggestion that birth weight is related to cognitive performance independently of social background. Importantly, this association was observed within the normal birthweight range (that is, > 2.5 kg) at ages 8, 11, and 15, suggesting that the significant results are not just accounted for by low birth weight in the normal population. Birth weight was also related to educational attainment at these ages, an association previously reported in 17 year olds born small for gestational age, 11 thus providing evidence that the association between birth weight and cognition has functional implications.
The association between birth weight and cognitive function was maintained across adolescence (ages 11 and 15) and early adulthood (age 26), the latter confirming the results of Sorensen et al. 4 Conditional regression modelling showed, however, that cognitive growth between ages 8 and 26 was similar across all birthweight groups. Thus, although the influence of birth weight on cognitive function was maintained into adulthood, this influence was largely driven by the effect of birth weight on cognition at age 8.
The evidence of a gradient with birth weight was much weaker at age 43, although the shift in the nature of the tests-namely, from the psychometric attainment tests used earlier to the test of memory-means that the results should be interpreted with caution. Martyn et al found no association between birth weight and IQ in midlife to later life. 5 Adult environmental influences, particularly educational and occupational attainment, may overshadow perinatal factors by middle life.
Evidence exists of such environmental overshadowing in this context in childhood. 12 13 Pathways between early family background, adult educational and occupational attainment, and midlife cognitive function are currently under investigation in the national survey of health and development.
Limitations of study
Some limitations of the current study should be noted. Firstly, data on gestational age was not collected, which *For sex, father's social class, mother's education, birth order, and mother's age. †Adjusted for all factors listed above, as well as for cognitive score at the previous age. ‡P value for test for heterogeneity across birthweight groups for conditional analysis.
limits the interpretation of birth weight as an index of fetal growth in this cohort. We are currently investigating postnatal growth 14 as an explanatory factor in the current findings. Secondly, cohort members with missing information on birth weight and confounders had lower cognitive scores at ages eight, 11, 15, and 26 than those with complete information. However, the unadjusted associations between birth weight and cognitive score in analyses of cohort members with data for birth weight and cognitive function but not for confounders were similar to those for whom information on confounders was complete. These findings suggest that the relation between birth weight and cognitive function was not sensitive to the sample selection. Thirdly, our analyses were adjusted for important features of the early family background, particularly those strongly associated with cognitive development, such as father's social class and parental education. These are crude measures, however, of sociodemographic background, encompassing a range of factors potentially important for birth weight, such as smoking, mother's height, physical work, psychosocial stress, and nutrition. 15 Thus we cannot rule out the possibility that residual effects of social background remained after statistical adjustment.
Interpretation
Caution is needed in the interpretation of repeated tests of birth weight with different outcomes, particularly when different numbers are included in each analysis. The problem of assessing cognitive change over time is compounded because there is no single cognitive test that can be used throughout life, as cognitive measures must change with cognitive development. Repeated measures models, unlike the conditional regression models used here, are dependent on the outcome scale used, and standardised scores may not be a realistic scaling in this respect as they assume no cognitive growth with age, and no increased variation in scores with age occurs. 16 Further investigation of these data using such models is in progress. We took a more simple approach here, considering the association between birth weight at the earliest time point then assessing the influence of birth weight on subsequent relative changes in cognitive function. Regression to the mean 17 18 occurs when fitting such models, as they assume that the score at the earliest age is fixed (that is, measured without error). However, for the measurement error to have a substantial impact on the association between birth weight and change in cognitive score presented here, the cognitive test scores would have to be notably unreliable.
If birth weight is associated with cognitive function in the general population, explanatory factors must be similarly distributed in the normal population. From this perspective, birth weight is strongly related to head circumference at birth 1 -which in turn is closely correlated with brain size 19 and so is associated with childhood cognitive function. 20 The most parsimonious explanation for the current results, therefore, is that the relations between these variables, established for comparisons between low and normal birthweight children, also hold across the normal range in the general population. At the neurochemical level, birth weight is associated with insulin-like growth factors, 21 and interest has been growing in the role of glucose metabolism, insulin, and insulin-like growth factors in the development of the central nervous system and cognitive function. 22 23 How these processes are distributed in the population is not known. However, three key risk factors for low birth weight-nutrition, smoking, and alcohol misuse 15 -all influence brain glucose concentrations or the function of insulin-like growth factors, 1 24 25 although the pathways are likely to be complex. A reduction in birth weight after maternal starvation in the Dutch famine cohort of the 1940s, for example, was not associated with subsequent cognitive performance. 26 Contributors: MR initiated and coordinated the formulation of the core study ideas, and RH, DK, and MEJW helped to develop these ideas. RH designed and performed the statistical analysis. The paper was written jointly by all authors. MR will act as guarantor for this paper.
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What is already known on this topic
Low birth weight is associated with poor cognitive development Few studies have examined this association across the full birthweight range in the normal population
What this study adds
Birth weight is significantly associated with cognitive ability at age 8 years, through adolescence, and into early adulthood, independent of social background
The associations between birth weight and cognitive function at ages 8, 11, and 15 are evident across the normal birthweight range ( > 2.5 kg) and so are not accounted for exclusively by low birth weight
Birth weight is also associated with educational attainment, suggesting that the association between birth weight and cognition may have functional implications
Insulin-like growth factor and cognitive function
Insulin-like growth factors (IGFs) are peptides that regulate the growth, metabolism, survival, and differentiation of cells and are regulated by growth hormone. Both IGF-I and IGF-II consist of small peptides that share about 50% homology with proinsulin and are produced chiefly by the liver. IGF-I is an important cell growth regulator, but the role of IGF-II is less clear. IGF-II acts mainly via IGF-I receptors; IGF-II receptors do exist, but their role is believed simply to mop up IGF-II, rather than act as signalling receptors.
In contrast with other peptide growth factors, there is considerable evidence indicating that the IGFs play a critical role in determining overall (somatic) body growth in addition to contributing to local tissue regulation. A great deal of associative data show that IGF and IGF receptors, and growth hormone and growth hormone receptors, are located in the parts of the brain that are responsible for learning and memory (such as the hippocampus). It is feasible that early in life, IGFs and growth hormone play a role in the development of these areas of the brain, which could then explain associations between body size and subsequent measures of cognitive functions.
There has also been much speculation that relative IGF-I or growth hormone deficiency could contribute to the deterioration of cognitive functions observed in elderly people. Several studies in the United States have shown that giving growth hormone to elderly people reduces their body fat and increases lean body mass, but these same studies have produced equivocal data about memory function, and the methodology of the studies has been much criticised. Other studies have shown that giving growth hormone to adults with growth hormone deficiency does improve memory and is also associated with greater levels of circulating IGF-I, but controversy remains about what happens to cognitive function when growth hormone is given to children with growth hormone deficiency.
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On the basis on these observations, it has been suggested that circulating levels of IGF are related to cognitive function and that the administration of growth hormone may promote better cognitive function. But although IGFs may play a role in brain development early in life, it is much more difficult to come up with a mechanism that could explain how circulating IGF-I and cognitive function are connected in later life. Abi Berger science editor, BMJ 
When cigarettes were acceptable
These days, and in particular if you are a BMJ reader, it's hard to think of anything positive about cigarette smoking. Yet 50 years ago, and probably much more recently, doctors often recommended nicotine to their patients. And not just doctors. During my national service in the 1950s, I worked for a year as a ward orderly. This was an untrained dogsbody kind of job that probably doesn't exist these days, but which was an excellent education-a much broader concept than training-for someone heading towards medicine. Most patients on the orthopaedic ward in Bradford, where I spent six months, were smokers, as were the staff. One day a man was brought up from the accident and emergency department after emergency treatment for injuries that had resulted in a mid-thigh amputation of his right leg. He was put into a bed, howling and shouting in pain, and continued thus for some time, until the ward sister returned from her lunch break. Standing in the doorway of the big open ward, she called, "Give that man a cigarette." Within seconds of his first puff, so it seems to distant memory, he was quietened, and indeed, knowing the rapidity with which the drug travels from lips to brain, it probably wasn't much more. Can we offer any treatment in the year 2000 that is faster and more effective?
Simon Barley retired general practitioner, Sheffield
